Brain slices are well-established tools in neuroscience research. In the last decade scientists succeeded in isolating viable brain slices from many different regions of the mammalian central nervous system. The brain slice preparation was introduced by Henry MacIlwain in the 1950s. 40 45 46 Milestones in the development of this technique are listed in Table 1 . Brain slices can be viewed as intact local microcircuits, lacking synaptic inputs from other parts of the central nervous system. In using this type of preparation, drug actions on speci®c types of neurones have been investigated on the network, cellular, and molecular level. Studies on brain slices provided interesting insights into the mechanisms by which general anaesthetics affect cortical neurones. In the last decade, brain slices also proved to be helpful for analysing patterns of neuronal activity, observed during the anaesthetic state in experimental animals. There is increasing interest in uncovering the contribution of speci®c local microcircuits to the overall changes in neuronal activity evoked by general anaesthetics. Electroencephalographic (EEG) recordings have shown that anaesthetic agents dramatically alter the ®ring mode of cortical neurones, even when applied in a range of rather low concentrations. 20 68 As well as compound-speci®c actions, almost each anaesthetic that has been investigated transfers high-frequency low-voltage EEG activity, present during the awake state and rapid eye movement (REM) sleep, into low-frequency high-voltage activity. The latter is commonly taken as evidence for the presence of a hypnotic, delta sleep-like state. However, interpretation of EEG recordings turned out to be rather dif®cult, as they provide a complex correlate of the summed synaptic activity of neurones located in the upper layers of the cerebral cortex. 53 As yet, the physiological mechanisms that underlie EEG activity during anaesthesia remain largely unknown. Recent imaging studies on human subjects demonstrated that, besides altering synchronized activity, some general anaesthetics strongly depress cortical metabolism and blood¯ow. 1 2 4 5 24 Again, the physiological processes underlying these phenomena remain to be elucidated. In this article, anaesthetic actions in brain slices are discussed. Experimental ®ndings will be related to recent work on living animals and human subjects.
Cortical and sub-cortical sites of anaesthetic action
What happens in the cerebral cortex when anaesthesia is commenced and patients lose consciousness? A considerable number of studies, making use of different methodological approaches, have tackled this question. For example, it has been shown that in lightly anaesthetized subjects the metabolism of most cortical areas is decreased by roughly 50%. 1 2 4 5 24 Furthermore, the transition from wakefulness to unresponsiveness is accompanied by a depression of high-frequency electrical activity in the gamma band. 69 Low-frequency high-voltage activity becomes more pronounced as anaesthesia is deepened. 20 As with many anaesthetics, unresponsiveness occurs at drug concentrations far below those abolishing painful stimuli-induced movements, some aspects of information processing in the cerebral cortex seem to be rather sensitive to anaesthetic treatment. How can this be explained? Do cortical cells themselves possess molecular targets, mediating neuronal depression and hypnosis? A number of arguments indeed support this view. There is now broad agreement that GABA A and NMDA receptors are important sites of general anaesthetic actions. 7 16 25 33 67 The density of these receptors in the cerebral cortex is higher than in most other parts of the central nervous system. Furthermore, a role of cortical GABA A receptors in hypnosis is also suggested by the action of sedative drugs. Benzodiazepines are well known to cause their therapeutic effects by enhancing GABA A receptor-function in a rather speci®c manner. Recently, evidence has been provided that benzodiazepineinduced sedation in mice is mediated via a GABA A receptor-subtype largely restricted to the cerebral cortex. 47 57 Taken together, these ®ndings indicate that hypnosis is to a substantial degree caused by drug actions on neurones located in the cortex.
However, in order to explain the hypnotic aspect of the anaesthetic state, many textbooks and review articles refer to a different theory, emphasizing similarities between anaesthesia and natural sleep. Pronounced high-voltage low-frequency EEG activity is present during the non-REM stages of natural sleep. The pioneering experiments of Moruzzi and Magoun demonstrated that the states of wakefulness and sleep as well as their electrical correlates are in¯uenced by brain stem nuclei. 48 These sub-cortical structures also might be potential sites for general anaesthetic actions. 10 21 37 50 55 It may be that general anaesthetics create a brain state similar to delta sleep by modulating arousal systems. 3 19 49 In summary, there are good reasons for assuming that anaesthetic-induced synchronization and depression of neuronal activity in the cerebral cortex involve sub-cortical arousal systems. However, as discussed above, we are also faced with data strongly supporting the possibility that direct actions on cortical neurones come into play. How do we evaluate the importance of different potential pathways of drug action? How do we establish a more precise hypothesis that distinguishes between cortical and subcortical mechanisms? What type of experiments can be conducted to elucidate the speci®c contributions made by different local networks? A major problem arises from the fact that distributed local microcircuits are extensively interconnected in intact brains: if we assume that a particular part of the brain, say the neocortex (termed network B in the following) receives excitatory input from a sub-cortical structure (network A), neuronal activity in B may be reduced either because of direct effects on drug targets located in B, or because of a decrease in excitatory drive provided by A. Thus, it is necessary to study drug effects in isolated local networks, which do not receive synaptic input from different brain areas. If it turns out that network B is equally sensitive to drug treatment, regardless of whether synaptic input provided by A is present or not, B is most probably the substrate of drug action. If B is rendered insensitive by removing synaptic input provided by A, the more important effects take place in network A.
At this point, the topics addressed above have been considered in order to establish some type of conceptual framework. Such a framework seems to be helpful for recognizing the bene®t of brain slice studies and for integrating the results into a general understanding of how anaesthetics work. The research discussed in the following is centred on work dealing with the question of how general anaesthetics alter activity patterns in hippocampal and neocortical brain slices. The focus is on drug actions occurring at the network level.
Electrical correlates of neuronal network activity in vitro and in vivo
It is commonly assumed that anaesthetic-induced unconsciousness is causally related to changes in the ®ring characteristics of cortical neurones. Thus, monitoring the activity patterns of these cells takes a central place in understanding the physiological processes related to the hypnotic state. Today, different methods are in use. Some basic information concerning measurements of electrical brain activity is summarized in Figure 1 . In the following I will consider what particular aspect of neuronal activity can be obtained by the speci®c methodological approaches.
In the 1920s Hans Berger succeeded in recording small, time-varying changes in the electrical potential from electrodes ®xed on the scalp of human subjects. 17 These spontaneous¯uctuations were caused by the activity of synapses located on dendrites in the upper layer of the neocortex. Berger reported that speci®c patterns of bioelectrical activity were closely related to speci®c brain states: oscillatory activity in the alpha range (9±12 Hz) dominates during eye closure, whereas low-frequency high-voltage activity developed as soon as the subject falls asleep. The frequency bands commonly used to classify EEG activity are listed in Table 2 . Many neurones contribute to the voltage changes detected during EEG recordings. A realistic number is hard to estimate. 53 The bioelectrical signal monitored by electrodes placed on the scalp is heavily lowpass ®ltered. Another drawback of EEG recordings is the fact that the shapes of the voltage traces largely depend on the placement of the reference electrode. In conclusion, EEG recordings are based on synchronized synaptic activity of many neurones in the neocortex. Information about average ®ring rates cannot be derived from such data. The EEG provides a good temporal but poor spatial resolution.
In animal and brain slice studies, bioelectrical activity generated by neocortical neurones is frequently recorded by electrodes with tiny tips, positioned extracellularly within the cortical layers. Using this approach, synaptic and action potential activity can be detected simultaneously. For separating these different correlates of neuronal information processing, ®lter techniques are applied. 35 Extracellularly In vitro networks: cortical mechanisms recorded action potentials are short events, lasting usually 0.5±2 ms. Thus, band-pass ®ltering the signal at 100±5000 Hz does not affect the shape of fast action potentials whereas slower voltage¯uctuations, indicative of synaptic activity, are removed. The ®ltered signal either displays multi-unit activity (it is composed of action potentials produced by several different cells located in the vicinity of the electrode) or single-unit activity (fast voltage de¯ections are generated by a single neurone). Band-pass ®ltering the recordings at 0.1±100 Hz removes action potentials: the residual voltage changes display correlated synaptic activity. This type of signal is commonly termed the local ®eld potential (LFP) or the micro-EEG. However, in contrast to the EEG recorded from humans and animals, the LFP integrates the synaptic activity over much fewer neurones: thus the spatial resolution is far better.
How are the LFP and action potential ®ring related in the time domain? If oscillatory synaptic activity, for example in the gamma or delta range is present in the LFP, it is most commonly also evident in multi-unit ®ring. If action potential ®ring and LFPs are recorded simultaneously, a stable-phase relationship can be observed in most cases. However, LFP recordings do not provide information about changes in the average ®ring rates of cortical neurones.
In the past few years, imaging studies have shown that at light levels of anaesthesia, just suf®cient to render human subjects unresponsive, cortical metabolism and blood¯ow are depressed by as much as 30±50% compared with the awake state. Quantitatively, these ®ndings ®t well with recent recordings of the mean ®ring rates in rats. 26 Taken together, it seems that the depression of cortical metabolism induced by anaesthetic agents is related to a strong decrease in the mean ®ring rates and synaptic activity. Because of the poor time resolution, imaging studies neither provide information about the dominant rhythms nor about the degree of synchronization characterizing neuronal activity during the awake or anaesthetized state.
Synchronized cortical activity in the theta and delta range
Most anaesthetic agents alter the EEG activity patterns in a similar, although not identical way. The study of MacIver and collaborators is a good example for illustrating commonly observed hallmarks of anaesthetic effects, occurring in a range of clinically relevant concentrations. 41 42 The key results are summarized in Table 3 . At different thiopental concentrations, the authors correlated the behavioural state in the rat with the corresponding EEG pattern and the molecular mechanisms of anaesthetic action. They observed increased power in all frequency bands of the EEG (a pattern termed activation) during sedation, delta oscillations during hypnosis, and a pattern termed burst suppression during anaesthesia. Burst suppression is characterized by episodes of low-frequency high-voltage activity, which are separated by periods of neuronal silence. Very similar concentration-dependent effects appear with a number of barbiturates and volatile anaesthetics in animals and humans. The ®nding that general anaesthetics induce delta activity in the EEG has prompted the suggestion that the brain states of anaesthesia and natural sleep are comparable with regard to several aspects. This hypothesis is mainly based on the fact that synchronized cortical delta activity is present during non-REM sleep. A number of studies on sleep mechanisms provided evidence that synchronized cortical delta activity originates in the thalamus. During delta sleep, cortical neurones seem to be driven and synchronized by thalamic relay neurones. 44 In this sleep state, thalamic relay cells ®re rhythmic bursts of fast sodium action potentials, as indicated in Figure 2 . Ca 2+ currents play a major role in generating the rhythm. 64 In the awake state and during REM sleep, Ca 2+ channels remain inactivated, as relay neurones receive a strong depolarizing synaptic input originating in brain stem nuclei. Some of the latter are involved in arousal and in controlling the sleep±wake cycle. With a view on the mechanism thought to underlie natural sleep, cortical delta rhythms during anaesthesia could be explained by a depression of neuronal activity at the subcortical level. Assuming that general anaesthetics reduce the excitability of thalamic relay cells either by direct actions on these neurones or by reducing their synaptic input, it seems possible that the cells are forced to enter the burst mode, thereby producing synchronized delta activity in the thalamo-cortical loop. In this scenario, anaesthetic-induced delta activity is largely related to direct or indirect drug actions on thalamic relay neurones.
Although the explanation outlined so far sounds quite convincing, MacIver and co-workers have shown that this might only be a part of the story. 41 42 Their data, obtained from neocortical and hippocampal brain slices, provide evidence that anaesthetic-induced delta activity may also be related to a cortical site of action. By recording LFPs in neocortical slices, the authors observed synchronized oscillatory network activity in the theta range under drugfree conditions. Upon thiopental treatment, theta oscillations slowed, thus shifting the dominant frequency towards the delta range. At the time these investigations were published, it was uncertain how they relate to humans as theta activity is very dif®cult to detect in the human EEG. Because pronounced theta activity is well known to occur in the hippocampus of rodents, two questions have been debated: does theta activity also occur in the neocortex? And, is it speci®c for rodents? Surprisingly, these questions have been answered to a large extent in recent work on human subjects. 54 Recordings were carried out with electrodes placed in direct contact with the surface of the neocortex. The authors discovered prominent theta rhythms, closely correlated to cognitive performance, especially working memory tasks. The study also has shown that theta activity is very dif®cult to detect by EEG recordings, as oscillatory activity is phase-shifted at different locations and thus is not apparent with electrodes with a poor spatial resolution.
In rat neocortical slices a burst suppression-like pattern can be observed at thiopental concentrations somewhat higher than those shifting theta oscillations towards the delta range. This ®nding indicates that burst suppression involves a cortical site of action. In fact, recordings in the neocortex in experimental animals, before and after removing the ascending inputs by cutting along the white matter, demonstrated that burst suppression survives this procedure. 34 66 Anaesthetic concentrations exceeding those causing burst suppression fully depress neuronal activity in the cortex: in vivo, an isoelectric EEG is seen during this state. In vitro, 
What are the molecular mechanisms underlying the different stages of anaesthesia described above? Do different patterns of network activity result from anaesthetic modulation at a single molecular locus? Or, alternatively, does a multi-site theory of anaesthetic action provide a better explanation of the experimental data mentioned so far? MacIver and co-workers report that at 10 mmol litre ±1 thiopental the period of spontaneous theta oscillations is increased by about 2-to 3-fold. 41 42 The same concentration alters the kinetic properties of GABA A receptor-mediated synaptic events, thus causing a 3-fold increase in inhibitory postsynaptic current (IPSC) decay time, leaving the amplitude of spontaneous IPSCs unchanged. At anaesthetic concentrations causing burst suppression, besides the effects on IPSC decay time, neurones were tonically inhibited. This inhibition most probably resulted from direct activation of GABA A receptors, which was consistent with the ®nding that the GABA A receptor-agonist muscimol induced a similar pattern of network activity. The suggestion that lengthening of IPSC decays vs tonic inhibition produce different effects on the network level has been supported by recent investigations. In cultured neocortical slices, rhythmic network activity was induced by removing the Mg 2+ block of NMDA receptors. It was observed that benzodiazepines, which exclusively lengthened IPSC decay time, reduced neuronal activity during network bursting without altering the silent periods between bursts. 6 In contrast, volatile anaesthetics and GABA A receptor-agonists prolonged intra-burst periods. 8 What happens at even higher concentrations? At 70 mmol litre ±1 , thiopental network activity is completely depressed. 41 42 At this concentration the anaesthetic affected, in addition to GABA A receptors, glutamatergic synaptic transmission. In summary, the data suggest that different patterns of network activity evoked by anaesthetic treatment are indicative of distinct concentration-dependent actions on the molecular level, consistent with a multi-site theory of anaesthetic action.
Gamma oscillations
Cognitive tasks such as recognizing a person's face, distinguishing between a dog and a pig, or answering a question involve the activity of many neurones, widely distributed over the cortex. Obviously, there is a high degree of specialization with regard to the type of information processed by neurones in different parts of the brain. For example, in the monkey's visual system more than 30 areas have been shown to analyse speci®c features of sensory input provided by the retina. At this point the binding problem might come into play. 56 How does the brain know that aspects of colour, shape and movement, represented in different parts of the neocortex, belong to the same object? To solve the binding problem, Singer and colleagues proposed a temporal code. 23 60 62 Their hypothesis states that features of one object, represented by different neurones in different neocortical areas, are linked together by synchronous neuronal activity. The experimental observation that cognitive functions are in many instances accompanied by high-frequency oscillatory activity in the The occurrence of delta activity in the EEG during natural sleep is intimately linked to a change in the ®ring mode of thalamic relay cells. During wakefulness, these neurones ®re fast sodium action potentials. As in this mode incoming sensory input is relayed to the cortex, it is called the relay mode. During delta sleep the thalamic relay cells display slow Ca 2+ -dependent action potentials triggering fast Na + -dependent spikes in a highly regular fashion. The ®ring mode of thalamic relay cells is controlled by cholinergic, noradrenergic, and serotonergic brain stem nuclei. Cholinergic and adrenergic neurones in the brain stem and basal forebrain play a major role in activating the thalamus and neocortex. They are silent during delta sleep. Thus, anaesthetic-induced depression of neurones in the brain stem may contribute to EEG-synchronization seen during anaesthetic-induced hypnosis. gamma range brought up the idea that features belonging to the same object are coded by neurones ®ring at the same phase of the rhythm. It was speculated that conscious awareness is intimately related to this type of neuronal coding. 52 Although the temporal coding hypothesis seems to provide an elegant solution for the binding problem, it is far from being accepted by the scienti®c community. The issue is discussed in a rather controversial way. 30 31 59 61 Many researchers doubt that the temporal correlation hypothesis is valid. Others have remarked that oscillatory activity in the gamma range might be a highly unspeci®c feature of cortical networks, an epi-phenomenon of information processing that does not code anything. The temporal coding hypothesis also attracted researchers in the ®eld of anaesthesia. Does it offer a simple explanation of how general anaesthetics cause unconsciousness? The As shown in the drawing, pyramidal cell axon collaterals synapse on a GABAergic neuron. The same neuron synapses back on the pyramidal cell, thus establishing a disynaptic feedback inhibition. What happens if the pyramidal cell is excited? It will generate an action potential, thus exciting the inhibitory interneuron by an excitatory postsynaptic current, causing the interneuron to generate an action potential. This action potential produces an IPSC close to the pyramidal cell soma, thus attenuating further incoming excitatation. The decay time of the IPSC determines how long the pyramidal cell remains inhibited. The drawing on the upper right explains the sequence of events, if the pyramidal cell is tonically excited. The thick vertical bars denote action potentials produced by the pyramidal cell (PC) and the interneuron (INT). The interneuron always ®res with a short time delay. This is because of the time passing as the presynaptic action potential runs along the ®bre, presynaptic neurotransmitter is released into the synaptic cleft, postsynaptic receptors are activated, and the currents are integrated by the postsynaptic neurone causing the membrane potential to reach the threshold for action potential generation. However, this interval is short compared to the live-time of the IPSC. Thus, the IPSC-decay time constant limits the oscillation frequency. The latter aspect of the recurrent inhibition model can be tested by prolonging IPSC-kinetics pharmacologically. It turned out that the oscillation frequency is decreased by 50% if the IPSC-decay time is increased by 2-to 3-fold (diagram on the lower right). (B) The mutual inhibition model deviates with regard to several aspects from the recurrent inhibition model. Most importantly, it is assumed that synchronized network oscillations are generated by synaptic interactions between GABAergic interneurones, which synchronize the ®ring of pyramidal cells. Similar to the recurrent inhibition model, the IPSC-decay time is the time-limiting factor, largely determining the oscillation frequency. (C) Synchronized oscillations do not necessarily involve GABAergic neurones. For example, pronounced rhythmic activity can be observed in networks of neocortical and hippocampal pyramidal cells even if GABAergic synaptic transmission is blocked. Under such circumstances, glutamatergic pyramidal cells interact via recurrent excitatory synaptic connections, which excite and synchronize cortical pyramidal cells. In such a circuit, intrinsic inhibitory mechanisms, for example a rise in intracellular Ca 2+ and subsequent activation of Ca 2+ -activated potassium channels, serve to generate oscillatory network behaviour.
In vitro networks: cortical mechanisms central argument might read as follows. If anaesthetics disturb or depress gamma oscillatory activity in the brain, this should lead to a breakdown of object representations and consciousness. 43 52 58 Although this idea is attractive, it is, because of the lack of unambiguous data, still speculative. However, investigating anaesthetic effects on gamma oscillations seems to be promising, even if the temporal coding hypothesis turns out to be wrong. In analysing anaesthetic actions on brain rhythms, a great deal of interesting data concerning their molecular and network mechanisms can be gained. Furthermore, brain rhythms are observed in humans, experimental animals, and brain slices. Assuming that the molecular and network mechanisms producing a speci®c rhythm are similar, comparative studies may help to close the gap between anaesthetic effects reported in living organisms and brain slices.
How does the cortex generate gamma oscillations? It has been hypothesized that gamma oscillations result from intrinsic membrane properties of cortical cells. Gray and colleagues, for example, have investigated so-called chattering cells located in the upper layers of the visual neocortex of the cat. 11 32 They showed that these cells develop oscillatory burst activity in response to excitatory input. They speculated that, because of the extensive horizontal synaptic connections made by chattering cells, they synchronize each other and drive many other neurones. Other investigators considered the possibility that gamma oscillations result from network interactions in the neocortex and hippocampus. 36 38 39 Figure 3 illustrates further mechanisms, discussed in this context. Two models, the recurrent inhibition and mutual inhibition model share a number of properties. 36 They have in common that the decay time of GABA A receptor-mediated synaptic events is a critical variable, determining the period of the rhythm. The simple relationship between the decay time of inhibitory synaptic events and the frequency of the network rhythm is the most interesting feature of these models, predicting that a 2-to 3-fold increase in the IPSC decay time should decrease the oscillation frequency of the network by half. This relationship was derived by computer modelling and con®rmed experimentally in hippocampal and neocortical brain slices. In these experiments anaesthetic agents and benzodiazepines have been used as pharmacological tools for lengthening IPSC decay times in order to test model predictions.
72±74
It should also be mentioned that there is growing confusion about how to interpret anaesthetic-induced slowing of gamma activity. In particular, it is sometimes stated that slowing of gamma activity is speci®c for a GABAergic mechanism of action. This interpretation is clearly wrong. In the network models shown in Figure 3 the oscillation frequency depends on both the IPSC decay time and the excitatory synaptic input. Thus, any pharmacological treatment reducing the excitability of cortical pyramidal cells decreases the oscillation frequency. In fact, this prediction has been con®rmed experimentally. 73 Thus, from the observation that an anaesthetic alters the frequency of gamma rhythms, no conclusions can be drawn regarding the underlying molecular mechanisms of action.
Gamma and theta rhythms: what is similar, what is different?
Anaesthetic-induced changes in oscillatory network activity in the neocortex and hippocampus seem to be causally related to altered GABA A receptor-function. In the hippocampus kinetically distinct GABA A receptors coexist. 13 14 51 Fast GABA A receptors, exhibiting a halfmaximal IPSC decay time of about 10 ms are located close to the somata of pyramidal cells. They were termed GABA A -fast. In contrast, slow GABA A receptors with a decay time of 60±200 ms were observed on the dendrites of pyramidal cells (GABA A -slow). Interestingly, these different types of postsynaptic receptors seem to be activated by two different pools of inhibitory interneurones. Within these pools neurones synchronize their activity via chemical and electrical synaptic connections. 27 GABAergic interneurones located in the stratum lacunosum-moleculare predominantly synapse on the dendrites of pyramidal cells thus activating slow GABA A receptors. In contrast, interneurones close to the stratum pyramidale predominantly make synaptic contacts close to the soma, thus opening fast GABA A receptors. The distinct pools of GABAergic interneurones interact thereby producing nested rhythmic activity at theta and gamma frequencies. 15 71 Following these exciting observations, it is possible to understand how general anaesthetics may affect different types of network oscillations by acting on GABA A receptors.
It is very likely that the different kinetic properties of dendritic and somatic GABA A receptors in the hippocampus involve differences in the subunit composition. At present it is not known what subunits are related to GABA A -fast and GABA A -slow receptors. It is also unclear whether these GABA A receptor-subtypes differ in their sensitivity to general anaesthetics. However, if GABA A -slow receptors participate in producing hippocampal theta oscillations whereas GABA A -fast receptors are involved in gamma oscillations, general anaesthetics may slow both gamma and theta oscillations provided that both receptor subtypes are modulated by general anaesthetics at clinically relevant concentrations.
Anaesthetic actions on cortical metabolism and average discharge rates
General anaesthetics alter not only synchronized ®ring of cortical neurones. In a few studies, the effects of halothane, iso¯urane, and propofol on brain metabolism and blood¯ow have been characterized. 1 2 4 5 24 These investigations demonstrated that at drug concentrations rendering human subjects unconscious (they no longer respond to verbal commands), cerebral blood¯ow and metabolism is reduced by approximately 50%. When these ®ndings were published, it was not known how to relate measurements of cerebral blood¯ow and metabolism to changes in spontaneous spiking and synaptic activity of neurones. Very recently, spontaneous ®ring of neurones in the somatosensory cortex of the rat in awake and lightly anaesthetized animals was compared. At concentrations rendering human subjects unresponsive, halothane, iso¯urane and en¯urane decrease spontaneous ®ring by 50% (H. Hentschke, personal communication, 2001 ). These observations ®t well with the results of Gaese and Ostwald, who monitored the activity of neurones in the rat auditory cortex. 26 At light levels of anaesthesia, spontaneous neuronal ®ring was reduced by 70% compared with the awake state.
This brings me back to whether direct anaesthetic actions on cortical neurones account for the decrease in spontaneous neuronal activity. Are neurones in cortical brain slices similarly sensitive as in vivo? To ®nd an answer, we investigated the effects of general anaesthetics on spontaneous single-and multi-unit activity in cultured neocortical slices. 6 8 And in fact low concentrations of halothane, iso¯urane, en¯urane, sevo¯urane, propofol, etomidate, ethanol, pentobarbital, and ketamine signi®cantly decreased the mean ®ring rates. In the case of halothane, iso¯urane, and en¯urane half-maximal depression of action potential ®ring in brain slices was observed close to the corresponding values reported in vivo. With all anaesthetics, except for halothane, the concentrations causing half-maximal depression of action potential ®ring were low compared with the EC 50 for skin incision.
By what molecular mechanisms do general anaesthetics depress spontaneous spiking in cultured neocortical brain slices? At concentrations causing a half-maximal decrease in the average ®ring rates most of the tested anaesthetics (except ketamine and pentobarbital) enhanced GABA A receptor-function in a rather selective manner. In summary, it seems that the depressant effects of general anaesthetics on cortical metabolism, blood¯ow, and spontaneous spiking observed in vivo can be largely attributed to direct actions on cortical neurones. Studies on cultured neocortical brain slices also strengthen the hypothesis that GABA A receptors are major players in mediating the latter effects. This conclusion is consistent with the central role of GABA A receptors in the generation and pharmacological modulation of gamma and theta oscillations discussed above.
Conclusions
General anaesthetics alter the ®ring of cortical neurones in complex ways. Dependent on the range of concentration, quite different patterns emerge. In this article, two major questions were addressed. First, which of the effects seen in EEG/LFP recordings and imaging studies in vivo can be attributed to drug actions taking place in the cerebral cortex? Secondly, what are the molecular mechanisms involved? For a long time it had been thought that most of the activity patterns of cortical neurones seen under anaesthesia result from effects on sub-cortical structures, thus inducing a sleep-like state. However, recent data, mainly based on brain slice studies, support a different view. Cortical networks turned out to be quite sensitive to anaesthetic treatment. Furthermore, anaesthetic actions in isolated brain slices seem to account for many of the patterns seen also in vivo, thus challenging the hypothesis that sub-cortical actions are most important. From recent ®ndings, it is very likely that the direct depression of cortical neurones largely contributes to hypnosis and amnesia. However, we should not jump to conclusions. The data discussed so far do not exclude the possibility that a brain state similar to natural sleep is caused by many anaesthetics. For example, the ®nding that a slowing of theta oscillations towards the delta range, as observed in isolated neocortical brain slices, does not argue against the possibility that anaesthetic effects on thalamic neurones such as those schematically shown in Figure 2 are of central importance in producing the lowfrequency high-voltage EEG. Unfortunately, there is not much known about general anaesthetic actions on brain centres involved in arousal and sleep regulation. During anaesthesia, two things probably come together: the induction of a sleep-like state by drug actions taking place on a sub-cortical level and, simultaneously, a massive depression of cortical excitability. Which patterns of network activity induced by anaesthetic treatment in vivo cannot be explained by drug actions observed in isolated cortical slices? At least two phenomena are worthy of mention. EEG-activation and spindling do occur at very light levels of anaesthesia. EEG-activation is characterized by an increase in power in all frequency bands. This type of network activity probably depends on sub-cortical structures. 63 64 Spindles can be described as oscillations exhibiting waxing and waning amplitudes. They have not been reported to occur in isolated cortical slices. In contrast, such patterns have been investigated in brain slices containing parts of the thalamus and the reticular nucleus. 12 70 Most likely, spindles are generated by a complex interplay between thalamic relay neurones and reticular neurones.
Another important result of brain slice studies concerns the molecular mechanisms of anaesthetic actions. It has been known for a long time that GABA A receptors are a quite sensitive molecular target of many anaesthetic agents. The ®ndings that molecular actions at the GABA A receptor are probably causally related to the slowing of synchronized network activity in the gamma and theta band and the depression of mean discharge rates as well, provides an important link between drug actions observed on the molecular and network level.
Even though the data discussed so far seem to ®t well together, we should be careful as only a very few parts of the puzzle are known. Comparative studies on anaesthetic effects are recommended. For example, it has still to be shown that anaesthetic effects on cortical gamma oscillations are quantitatively similar in vivo and in vitro. Furthermore, we should be careful in generalizing. In this article, I have strongly emphasized those drug actions many anaesthetics seem to have in common, disregarding agentspeci®c aspects. This approach was chosen in order to develop some type of working hypothesis capable of integrating much of our current knowledge. However, things may well turn out to be more complex.
